The endothelial monolayer partitioning underlying tissue from blood components in the vessel wall maintains tissue fluid balance and host defense through dynamically opening intercellular junctions. Edemagenic agonists disrupt endothelial barrier function by signaling the opening of the intercellular junctions leading to the formation of protein-rich edema in the interstitial tissue, a hallmark of tissue inflammation that, if left untreated, causes fatal diseases, such as acute respiratory distress syndrome. In this review, we discuss how intercellular junctions are maintained under normal conditions and after stimulation of endothelium with edemagenic agonists. We have focused on reviewing the new concepts dealing with the alteration of adherens junctions after inflammatory stimulus.
The vascular endothelium forming the innermost lining of all blood vessels performs a vital task of providing nutrients to the underlying tissue as well as maintains tissue oncotic pressure. [1] [2] [3] Maintenance of the size-selective sieving property of endothelium is crucial for several physiological functions, including normal tissue-fluid homeostasis, angiogenesis, vessel tone, and host defense. [2] [3] [4] [5] [6] [7] [8] [9] Endothelium is permeable to molecules ranging from 0.1 nm (sodium ion) to 11.5 nm (immunoglobulin G [IgG]) in diameter. 2, 3, 9, 10 Interestingly, the sieving property of endothelium linearly correlated with molecular radii from 0.1 nm to 3.6 nm but became independent of the molecular radius above 3.6 nm. 2, 3 On the basis of these findings, two endothelial transport mechanisms were defined for solute/ ion influx. 2, 3, 7, 11, 12 The transport of macromolecules larger than 3 nm, such as albumin, IgG, and other macromolecules, occurs through the transcellular pathway, which is also called transcytosis or vesicular transport. 3, [12] [13] [14] Molecules smaller than 3 nm, such as glucose, water, and ions, can pass through interendothelial junctions (IEJs) through the paracellular pathway. 2, 3, 14 Both transcellular and paracellular pathways work in concert to maintain tissue-oncotic pressure and thereby maintain the endothelial barrier. 3, 7, 12 Caveolae, a flask-shaped vesicle composed of several caveolins-1 along with other proteins, such as dynamin and intersectin, constitutes the transcellular pathway. 2, 12, [15] [16] [17] [18] The paracellular pathway is regulated by a complex interaction of various junctional proteins and actomyosin motors. 2, 12, 17 In an unperturbed endothelium, IEJs dynamically open to allow the passage of small molecules and inflammatory cells for tissue homeostasis and immune surveillance. 2, 8, 9, 12, 14 Proinflammatory agonists such as thrombin, vascular endothelial growth factor (VEGF), and platelet-activating factor, [19] [20] [21] [22] by binding to their receptors, disorganize IEJs, leading to increase in endothelial permeability. Thus, to understand how tissue-fluid homeostasis is modulated under normal conditions and pathological processes, we must understand the signaling mechanisms that regulate IEJs.
ENDOTHELIAL BARRIER PERMEABILITY
Endothelial cells originate from embryonic precursor cells known as hemangioblasts. 4, 5, 23, 24 However, permeability of endothelial cells under basal conditions and in response to edemagenic agents varies remarkably in different vascular beds. 2 Vascular beds of coronary, pulmonary, splenchnic, and skeletal muscle are composed of continuous nonfenestrated endothelial cells, which form a restrictive barrier. 5, 25 Organs such as liver, kidney, and lymphatics are formed from discontinuous and highly permeable endothelial monolayers. 2 Also, segmental differences are observed between endothelial barrier permeability at the cell-culture level and intact vessels of the same vascular bed. 5, [25] [26] [27] Measurement of the coefficient of vascular permeability (K fc ) across the endothelium in isolated perfused lung preparations under basal conditions in experimental animals showed a gradation of permeability across the microvascular bed, with the microvascular site constituting approximately 42%, the arterial region approximately 19%, and the venous area approximately 37%, 26 indicating that the arterial system was more restrictive than either venous or capillary linings. In pulmonary microvessels, endothelial cells formed a monolayer that was approximately 4 times less permeable to albumin compared with the confluent monolayer of the cells from venous or arterial regions. 2, 5 Furthermore, transendothelial electrical resistance (TER), which is a measure of interendothelial adhesion in real time, was lower in cells isolated from larger arteries than in microvascular endothelial cells. 2 How can these differences in the endothelial permeability of various vascular beds be accounted for? Studies have shown that the constitution of IEJs, extracellular matrix (ECM), and cytoskeletal proteins may contribute toward segmental variability in the endothelium. 4, 5, 25, 28 The arterial segment has approximately 18 times more occludin, a component of tight junctions (TJs), than its venular counterpart, making the arterial endothelial barrier tighter than the venular barrier. 2 Also, occludin is found to be expressed in brain endothelial cells more than in any other organ. 2, [29] [30] [31] Microvascular endothelial cells express collagen 4α1, collagen 4α2, and laminin in their ECM, whereas collagen 5α1 and collagen 5α2 are expressed more in macrovascular endothelia. 2, 28 Moreover, there is an abundance of myosin light-chain kinase (MYLK; serine/threoninespecific protein kinase that phosphorylates the regulatory light chain of myosin II), 1, 2, 32 LIM kinase (actin-binding kinases that phosphorylate members of the actin depolymerizing factor/cofilin family of actin-binding proteins), 33, 34 Rho-GTPases (Vav), 2,32 and myosin motor cytoskeleton in microvascular cells. Microvascular endothelial cells also showed a higher density of caveolae. Besides the abovementioned intrinsic mechanisms, extrinsic mechanisms, such as shear stress caused by linear versus pulsatile blood flow, were also shown to regulate permeability differences between microvascular and macrovasvular endothelial cells. It has been shown that shear stress increases intracellular Ca 2+ and inositol triphosphate (IP 3 ) generation and induces activities of small GTPases, such as Rac and RhoA, and reorganization of actin fibers. 2, 35, 36 Thus, well-organized transcellular and paracellular pathways, by balancing extrinsic fluid dynamics, may impact endothelial barrier phenomena.
Starling and Kedem explained the transport of solute and water across the endothelial barrier. 2 Briefly, the rate of the transport of fluid across the endothelial barrier is based on the Starling forces,
J v denotes volume of flux of fluid, (mL/min); s is the capillary surface area (cm 2 ); L p is the hydraulic conductivity (cm · min −1 · mmHg −1 ); P c and P i are capillary and interstitial hydrostatic pressures (mmHg), respectively; Π c and Π i are capillary and interstitial colloidal osmotic pressures (mmHg), respectively; and σ is osmotic reflection coefficient of the capillary wall. If the σ ¼ 0, vessel is completely permeable to fluid and solutes, whereas if the σ ¼ 1, capillary is impermeable. 2, 3, 37, 38 IEJ PROTEINS IEJs are composed of adherens junctions (AJs), TJs, and connexins ( Fig. 1 ). 2 IEJs are presumed to be covered by an extra layer of fibrous matrix composed of proteoglycans, glycosaminoglycans, and glycolipids known as glycocalyx. 2, 3, [39] [40] [41] TIGHT JUNCTIONS TJs composed of claudin, occludin, and junctional adhesion molecules (JAMs) constitute about 20% of the total junctional proteins in endothelial cells. 3, [40] [41] [42] [43] TJs are welldeveloped in arterial vessels compared with venular segments. Occludin was the first TJ protein identified in endothelial cells. Occludin interacts with zona occludens (ZO-1) in cytoplasm, which in turn associates with α-catenin and actin cytoskeleton and thus stabilizes endothelial barrier function. 3, 7, 43 Occludin expression in endothelial cells was shown to regulate the tightness of the barrier. 2, 43 Depletion of occludin using small interference RNA (siRNA) increased endothelial barrier permeability as indicated by the decrease in TER. 44 However, occludin-lacking mice showed normal TJs morphology and no apparent change in intestinal epithelial barrier function, indicating compensation in TJs function by TJ proteins. 45 Several claudins have been identified to date, but endothelial cells predominantly express claudin 5. 46, 47 Claudin 5 also binds with ZO-1 protein through its cytoplasmic domain. ZO-1 thus allows TJ proteins to interact with each other and with actin. 48 Unlike occludin null mice which survive and grow well, claudin null mice die at 10 h after birth because of the increased permeability of blood brain barrier to small molecules. 47 JAM-A, JAM-B, and JAM-C, having 30%-40% sequence homology, belong to immunoglobulin superfamily and participate in formation of TJs in endothelial cells. [49] [50] [51] Al-though JAM-B is specifically present in endothelial cells, JAM-A and JAM-C can form TJs in both endothelial cells and epithelial cells. JAM-C is also an important component of lymphatic venular endothelial cells. 49, 50 JAMs contain PDZ binding motif and may therefore form a platform for mediating the interaction between several proteins containing PDZ domain. 51 JAM-A and JAM-C can also be cleaved by membrane-bound metalloproteinase ADAM 10 and ADAM 17 upon activation of endothelial cells by inflammatory agonist, leading to disruption of barrier function and inflammatory signaling. 52 Consistently, destabilization of JAM-A protein using anti-JAM-A antibodies prevented the re-annealing of TJs in epithelial cell monolayer. 53, 54 JAM-A, JAM-B, and JAM-C also participate in transendothelial leukocyte transmigration. However, loss of JAM-A in mice reduced polymorphonuclear leukocyte diapedesis, 51, 55 indicating JAM-A may play a predominant role in regulating neutrophil transmigration. In line with this idea, it was shown that JAM-A controls the internalization and recycling of β1 integrin after chemotactic stimulation of neutrophils.
ZOs are family members of membrane-associated guanylate kinases. 56 Three ZO subtypes have been identified in endothelial cells. ZO-1 interacts with claudins, JAMs, and ocludin. Through PDZ, Src homology 3 and guanylate kinase domains, ZO-1 allow TJ proteins to interact with actin cytoskeleton. Besides TJ protein, ZO-1 is also known to interact with AJ proteins, such as αcatenin, gap junction (GJ) protein conexin-43, actin polymerizing proteins vasodilator-stimulated phosphoprotein (VASP), and spectrin. 57 ZO-1 may thereby regulate endothelial permeability by serving as a scaffold for mediating the interaction of TJs with AJs and connexin. 56 It has been speculated that ZO-1 stabilizes the endothelial barrier function through the stabilization of F-actin and F-actin itself stabilizes the localization of ZO-1. 29, 58 GAP JUNCTIONS GJs, formed by interaction of two connexins (Cx) from opposite cells, provide a means to facilitate direct cell-tocell transfer of signaling molecules, ions, current, and transmembrane potential. 59 Each connexin is made of six connexin subunits (hexamers). Cx37, Cx40, and Cx43 are expressed in endothelial cells. 60 GJs are low-resistance pathways for the flow of current from one cell to another cell. 61 Additionally, they allow exchange of information in the form of second messengers, such as Ca 2+ , IP 3 , and so on. GJs form a pore size of about 2 nm. Phosphorylation of connexins is shown to regulate GJ function in endothelial cells. 34 Serine/threonine and tyrosine phosphorylation of connexins closes the channels, and this prevents intercellular communication. Moreover, phosphorylation of connexins also regulates the assembly and formation of channels. Whether phosphorylation of connexins is casually regulated to alteration in endothelial permeability by edemagenic agonist remains elusive. Recently, Bhattacharya group elegantly demonstrated that bone marrow-derived mesenchymal stromal cells (BMSCs) form GJ channels with the alveolar epithelium through connexin 43, enabling the transfer of mitochondria-containing microvesicles. They demonstrated that BMSC-induced transfer of mitochondria was required for alveolar bioenergetics, thereby preventing endotoxin-induced alveolar leukocytosis and protein leak as well as inhibition of surfactant secretion and mortality. 62 
ADHERENT JUNCTIONS
AJs have a prominent role regulating endothelial barrier function. 41 Homotypic adhesion between vascular endothelial (VE) cadherin from contiguous endothelial cells in a calcium-dependent manner forms AJs. 2, 8, 12 VE-cadherin contains 5 extracellular cadherin-like repeats ( Fig. 1 ). 2 These cadherin oligomerize to form cis-oligomers or transoligomers between adjacent cells. The cytoplasmic tail of the VE-cadherin contain two domains, namely juxtamembrane domain (JMD) and COOH-terminal domain (CTD). 2, 12, 40 These cytoplasmic domains interact with three Armadillo family proteins known as β-catenin, plakoglobin (γ-catenin), and p-120 catenin. JMD binds with β-catenin, whereas CTD domain interacts with plakoglobin and p-120 catenin. 40, 63 βcatenin or plakoglobin then binds with α-catenin and links the whole complex with actin cytoskeleton. 64, 65 VE-cadherin is required for forming vasculature, because loss of VE-cadherin embryonically induces lethality at E9.5 d. 2, 12, 66 Neutralization of VE-cadherin with anti-VE-cadherin antibody or chelation of extracellular calcium using EDTA induce endothelial barrier leak. Truncation of the β-catenin binding site at the cytosolic domain of VE-cadherin or conditional inactivation of β-catenin in-duces lethality in mice because of the disruption of endothelial junctions. 67 Expression of VE-cadherin mutant lacking the extracellular domain but with an intact βcatenin binding site was shown to disrupt endothelial barrier function. Overexpression of JMD of VE-cadherin, depleting endogenous p120-catenin, disrupted AJs, leading to the increase in endothelial permeability. 40, 68 Interestingly, depletion of p120-catenin in endothelial cells also modulated lung innate immune function by interfering with the association of Toll-like receptor 4 (TLR4) and its adaptor myeloid differentiation primary response gene (MyD88), preventing nuclear factor κ B cell (NF-κB) activation and thereby the lung inflammatory response to endotoxin. 69 These findings suggest that βand p120-catenin bound to VE-cadherin maintains endothelial permeability and innate response.
SIGNALING MECHANISMS REGULATING AJs
As discussed above, alteration of AJs adhesion primarily determines endothelial permeability to plasma proteins. In the following section, we describe the role of the signaling pathways that regulate the opening and resealing of AJs during the phases of increased permeability and of restoration of barrier function (Fig. 2 ).
Role of actin-myosin motor
Endothelial cells contract in response to permeabilityincreasing agonists, leading to opening of IEJs. Stress fibers composed of bundles of polymerized actin and myosin filaments form the contractile machinery of endothelial cells. 2 These fibers assemble in a characteristic manner in cultured endothelial cells in response to permeabilityincreasing mediators. 12, 70 Thrombin, an edemagenic agonist, increased isometric force in endothelial cell monolayers grown on a collagen matrix from a basal value of 70 to 132 dynes. 71, 72 However, endothelial cells developed comparatively less tension (1:3 Â 10 5 dynes/cm 2 ) than did contracting arterial smooth muscle cells (6:7 Â 10 6 dynes/ cm 2 ), 71,72 perhaps due to strong interendothelial adhesion between endothelial cells. Actinomyosin-generated contraction requires MYLK-dependent phosphorylation of the regulatory myosin light-chain (MLC) on Ser-19 (monophosphorylation) or Ser-19/Thr-18 (diphosphorylation). On thrombin stimulation of human umbilical vein endothelial cells, isometric contraction increased twofold to 2.5-fold within 5 minutes, whereas MLC phosphorylation increased from a basal value of 0.54 to 1.61 mol PO 4 /mol MLC within 60 seconds, primarily as the result of diphosphorylation of MLC. [73] [74] [75] [76] [77] [78] [79] These studies showed diphosphorylation of MLC as an important determinant of endothelial contraction. MLC phosphorylation has also been shown to regulate the permeability of intact isolated postcapillary venules and pulmonary microvessels in response to histamine and thrombin. [80] [81] [82] Mice lacking only the long isoform of MYLK present in endothelial cells support the in vivo role of MYLK-induced endothelial contraction in the mechanism of increased vascular permeability. 82 Mylk −/− mice were protected against increased lung vascular permeability and neutrophil adhesion induced by intraperitoneal injection of the bacterial product lipopolysaccharide (LPS), 82 indicating a critical role of endothelial contraction induced by MYLK in mediating the increase in vascular permeability and inflammatory signaling. 78 Role of calcium An increase in cytosolic Ca 2+ precedes changes in endothelial cell shape and the opening of IEJs. 22, 70, 83, 84 After cell stimulation with inflammatory mediators, an in-crease in cytosolic Ca 2+ concentration is apparent in two phases. 22, 70, 84 There is an initial transient peak as the result of Ca 2+ release from endoplasmic reticulum (ER) stores, which is followed by a more sustained response secondary to Ca 2+ entry via plasmalemma channels. Ca 2+ entry refills ER stores and sustains Ca 2+ signaling. 84 Transient receptor potential (TRP) family has emerged as a predominant regulator of nonselective Ca 2+ entry in endothelial cells. 22, 70, 85, 86 Approximately 28 TRP channels have been described so far in mammalian cells, which include TRPC (canonical), TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin), TRPML (mucolipin), and TRPA (ankyrin). TRPC, TRPM, and TRPV all have six transmembrane domains with a pore-forming unit located between transmembrane domains 5 and 6. 2,87-89 TRPC and TRPM family members also contain protein-rich sequences in the C-terminal region of the TRP domain designated as TRP Figure 2 . Signaling modulating adherens junctions (AJs). Agonists increase intracellular Ca 2+ , which, by activating the myosin light-chain kinase (MLCK) and RhoA-Rho kinase pathway, induces actin stress fiber formation, leading to disruption of AJs. Additionally, protein kinase C (PKC), Src, and end-binding protein 3 (EB3) disrupt AJs adhesion by either phosphorylating them or by increasing microtubule dynamics. Several mechanisms are activated in parallel or synergistically to induce re-annealing of AJs. For example, focal adhesion kinase (FAK) phosphorylates neural Wiskott-Aldrich syndrome protein (N-WASP), enabling actinrelated protein 2/3 (Arp2/3) to mediate cortical actin formation. Activated N-WASP also links p120-catenin to Arp2/3 and actin to stabilize AJs. FAK also induces Rac1 activity by inhibiting RhoA activity, which may further stabilize AJs. Activated Cdc42 may merge with FAK signaling to restore AJs formation. A color version of this figure is available online. box 2, which binds phosphatidyl insositol (PI) phosphates, such as PI (4, 5) P 2 . 2,87,89 TRPC and TRPV family members also contain 3-4 ankyrin repeats at their N-terminus. 2, 87, 90 The functional TRP channel is a tetramer and may be composed of homo-or heterotetramers. Evidence suggests that most of the TRP channels are modulated by Ca 2+ itself, which may form positive or negative feedback signaling loops. In addition to their direct involvement in mediating Ca 2+ entry, TRP channels are shown to be linked functionally with voltage-gated Ca 2+ channels and to thereby amplify Ca 2+ entry through them in a voltage-dependent manner. 91, 92 TRPC channels are by far the most studied in endothelial cells. 83, 90, 93, 94 Expression of the various TRPCs differs among human endothelial cells, which may contribute to endothelial heterogeneity. The majority of human endothelial cells highly express TRPC1 and TRPC6, whereas TRPC3, TRPC4, and TRPC7 are expressed only weakly. 70, 90, 95, 96 TRPC1, TRPC4, and TRPC5 are activated by depletion of ER stores by IP3 and are therefore called store-operated channels (SOCs), whereas TRPC3 and TRPC6 are activated by diacylglycerol (DAG) independently of store depletion and are referred to as receptoroperated channels (ROCs). 70, 83, 95, 96 SOCs and ROCs provide the primary structures by which Ca 2+ enters endothelial cells. Multiple heterologous combinations of TRPCs (TRPC1 with TRPC4 or TRPC5 and TRPC3 with TRPC6) combine to produce tetrameric channels with unique properties. 83, 86, 90, 97 SOC activity. TRPC1 and/or TRPC4 have been clearly shown to regulate SOC activity and thereby IEJs. 22, 85, 86, 98, 99 Alterations of TRPC1 function in endothelial cells using TRPC1 antisense or an anti-TRPC1-blocking antibody reduced Ca 2+ entry by 50% and also decreased endothelial permeability in response to thrombin. 22 Overexpression of TRPC1 in endothelial cells increased Ca 2+ entry and, in turn, the formation of actin stress fibers, and it also increased endothelial permeability. 100 In addition, the in vivo relevance of TRPC-induced Ca 2+ entry in regulating permeability of microvessels has been demonstrated using TRPC4 −/− mice. 90 The PAR-1 (thrombin receptor) activationinduced increase in lung microvessel permeability in mice was reduced by 50% using lanthanum (La 3+ ), a known Ca 2+ channel blocker, indicating Ca 2+ entry by this pathway contributed to a portion of the increased vascular permeability response. Trpc4 −/− mice also demonstrated a reduction in the thrombin-induced increase in lung microvessel permeability by ∼50%, whereas this response was not affected by La 3+ . 85 Evidence from human endothelial cells indicates that a coupling between the IP 3 receptor and TRPC1 could be mediated through small GTPase RhoA, because inhibition of RhoA prevented the thrombin-stimulated association of the IP 3 receptor with TRPC1 and influx of Ca 2+ . 2, 22 RhoA may facilitate the interaction of the IP 3 receptor with TRPC1 by promoting actin polymerization. 22 Studies also showed that TRPC1 activity was suppressed by depolymerization of actin filaments consistent with this model. 22, 101 In addition, SOC-induced Ca 2+ entry (SOCE) was shown to require the interaction of spectrin, an actin crosslinking protein, with protein 4.1. 102, 103 Another signaling possibility is that phosphorylation by protein kinase C (PKC) α is required for TRPC1 activation. 98 MYLK may also be involved in the regulation of SOC-induced Ca 2+ entry, because inhibition of MYLK with ML7 prevented the SOC-mediated Ca 2+ entry in endothelial cells. 104 Together, these findings raise several possibilities concerning the mechanism of SOC activation and influx of Ca 2+ in endothelial cells.
STIM1, a type 1A single-transmembrane protein originally identified as a tumor-suppressor protein, has been established as a Ca 2+ sensor within the ER stores. 105, 106 STIM1 contains N-terminal EF hand domain, a Ca 2+ binding domain, a sterile α motif or SAM domain, a single transmembrane domain (TM), an Ezrin-radixin-moesin (ERM) domain, a serine-proline-rich region (S/P-region), and a lysine-rich region (E-region). 105, 107, 108 The Ca 2+ -binding EF domain and SAM domain regulate aggregation of STIM1 as well as its translocation to the plasma membrane from ER. When bound with Ca 2+ in ER lumen, STIM1 exists as an individual unit or a monomer. Upon store depletion, the EF hand domains and SAM domains from different STIM1 protein aggregate and form multimeric puncta, which leads to its interaction with store-operated Ca 2+ channel and activation of SOCE. 84, 106, 108 STIM1 has been shown to regulate TRPC channels, such as TRPC1, TRPC4, TRPC5, and ORAI channels, which are the important constituents of SOC and CRAC channels, respectively. 109, 110 EF hand mutant STIM1D76A does not bind with Ca 2+ and is constitutively active, whereas ΔERM-STIM1 mutant acts as dominant negative STIM1. 111 Tiruppathi's group showed that SOC activates p38 MAP kinase, which, by phosphorylating STIM1, suppresses the endothelial SOCE. 84 These findings suggest that a negative feedback loop may be important in terminating SOCE and thereby restoring AJs.
STIM2 shares a sequence homology between the Nterminal domain as well as transmembrane sequences with STIM1 and is also present in endothelial cells as well as other cells. STIM2 differs from STIM1 protein in the C-terminal region. STIM2 deletion seems to alter basal cytosolic Ca 2+ but not SOCE. 108, 112 However, overexpression of STIM2 inhibited SOCE in HEK and smooth muscle cells as well as abolished CRAC activity in jurkat cell line. 108, 113, 114 Thus, unlike STIM1, the expression of STIM2 is inversely linked with SOC and CRAC activities. 108, 114 ROC activity. TRPC6 is highly expressed in lung and lung endothelial cells. 70, 83, 115 Several studies showed that TRPC6 plays an important role in regulating endothelial permeability. 20, 70, 83, 93 Flufenamic acid, a TRPC6 activator, increased water conductivity in frog mesenteric vessels. 20, 93 Singh et al. 70 showed that siRNA-induced suppression of the TRPC6 channel in human pulmonary artery endothelial cells decreased endothelial cell permeability in response to thrombin. Recently, we showed that TRPC6 plays a key role in signaling both LPS-induced lung vascular permeability and inflammation. 83 Tauseef et al. 83 showed that LPS resulted in DAG production, which activated TRPC6. Activated TRPC6 induced MYLK activity that, by stimulating actomyosin cross-bridging, mediates endothelial cell contraction, leading to increased lung vascular permeability. 83 Additionally, activated MYLK promoted the interaction of MyD88 with inteterleukin receptor 1-associated kinase 4, which is involved in triggering NF-kB signaling and pulmonary inflammation downstream of TLR4. 83 Thus, TRPC6 appears to be at the center of the signaling pathways mediating acute lung injury (ALI) owing to its dual role in increasing lung vascular permeability and mediating TLR4 signaling (Fig. 3 ). 83 Role of PKC PKC forms the family of protein kinase enzymes that are involved in controlling the function of several other proteins through the phosphorylation of hydroxyl groups of serine and threonine amino acid residues on these proteins. 64 PKC are activated by signals such as increases in the concentration of DAG or cytosolic calcium ions (Ca 2+ ). 2, 70 The PKC family consists of conventional (or classical), novel, and atypical isoforms. 116 Conventional PKCs (α, β I , β II , and γ) require Ca 2+ , DAG, and a phospholipid, such as phosphatidylserine, for activation. [116] [117] [118] Novel PKCs, which include δ, ε, η, and θ isoforms, are activated by DAG independent of Ca 2+ , whereas atypical PKCs, such as PKCζ, require neither Ca 2+ nor DAG for activity. 2, 116, 119 Thus, conventional and novel PKCs are activated through the same signal transduction pathway as phospholipase C.
PKCα has a crucial role in mediating IEJ disassembly, 98 although Ca 2+ -independent isoforms, notably PKCζ, may also be important in IEJ disruption. 119 Upon activation by endothelial permeability-increasing agonists, PKCα translocated from the cytosol to the IEJ, where it phosphorylated p120 catenin at serine 879, which destabilized junctions and increased endothelial permeability. Vandenbroucke St Amant et al. 64 showed that p120 catenin phosphorylation at serine-879 exposed the VE-cadherin binding site for endocytic protein AP1, leading to internalization of VE-cadherin. Expression of phosphorylation-deficient mutant of p-120 catenin mutant in mouse lung microvessel failed to induce lung vascular permeability in response to thrombin receptor activation, thereby identifying p-120 phoshorylation at serine 879 residue as a crucial regulator of VE-cadherin internalization and endothelial monolayer permeability. 64 PKCβ and PKCζ inhibition also decreased endothelial permeability through impairment of Ca 2+ levels, MLC contraction, and RhoGTPases. [120] [121] [122] [123] Studies have shown that PKCδ is required for the permeability increase caused by stimulation with PKC activators or DAG, whereas others suggest that PKCδ has a barrier-protective function. 123 Overexpression of PKCδ decreases endothelial permeability by increasing focal adhesion contacts. 123 Additional approaches, such as using PKCβ or PKCδ knockout mice models, will help to clarify the contribution of these isofoms in mediating increased endothelial permeability.
Role of Rho-GTPases
Evidence supports the general concept that each of the GTPases, RhoA, Rac, and Cdc42, contribute to the regulation of AJ function, but their relationship with AJs appears to be complex, because AJs themselves can modify RhoGTPase activity. 7, 8, 124 RhoA was found to induce disassembly of endothelial AJs in response to thrombin, histamine, bradykinin, or PAF. 125 Inhibition of Rac with Clostridium sordellii toxin (a specific inhibitor of Rac) caused AJ disruption in cultured endothelial cells and increased L p of rat venular microvessels, 126 implicating Rac in promoting barrier function by stabilizing AJs. Schmidt et al. 127 recently showed that a fine balance between the activities of RhoA and Rac1 GTPases is required for maintaining AJs in mice lungs. They showed, using a mouse model lacking endothelial focal adhesion kinase (FAK, described below), that, in the absence of FAK, activated RhoA antagonized Rac1 activity, destabilizing AJs. Inhibition of Rho kinase, a downstream effector of RhoA, reinstated normal endothelial barrier function in FAK −/− endothelial cells and lung vascular integrity in EC-FAK −/− mice. The mechanism by which RhoA antagonizes Rac1 remains to be identified. FilGAP, a GTPase, specifically inhibits Rac1 downstream of RhoA. Thus, it is possible that RhoA may induce FilGAP activity to suppress Rac1 and thereby disrupt AJs. Kouklis et al. 128 showed that the re-annealing of AJs following the increase in endothelial permeability by thrombin required the activation of Cdc42. Mice or ECs transducing activated form of Cdc42 showed reduced barrier leak, indicating that Cdc42 activity preserved junctional integrity. RhoA activity in V12Cdc42-expressing endothelial monolayers was reduced, compared with untransfected cells, suggesting that activated Cdc42 functions by counteracting the canonical RhoA-mediated mechanism of endothelial hyperpermeability. 129 Role of FAK FAK, a 120-kD nonreceptor tyrosine kinase, regulates turnover of focal adhesion formation by binding to focal adhesion proteins, such as vinculin, talin, and paxillin. 2, 127 Global as well as endothelial cell-specific deletion of FAK induces lethality in embryos because of improper formation of blood vessels. Several studies have shown that FAK maintains basal endothelial barrier function and induces resealing of endothelial junctions following the increase in endothelial permeability by thrombin or H 2 O 2 . For example, FAK was shown to bind with p120-catenin and suppress the activity of the small GTPase RhoA to restrict endothelial contraction and thereby inducing AJs formation. 109 Quadri et al. 130 also showed that FAK prevents oxidant-induced barrier dysfunction by regulating VEcadherin phosphorylation. Also, siRNA-induced depletion of FAK or expression of dominant FAK impaired AJ formation and enhancement of barrier function by sphingosine 1 phosphate and lysophosphatidic acid. 131 However, expression of dominant negative FAK or kinase-dead FAK mutant in endothelial cells prevented AJ disruption in response to VEGF or oxidants, indicating FAK infact disrupts the barrier function. 132 To resolve the role of FAK in regulating lung vascular barrier function, Schmidt et al. 127 generated tamoxifen-inducible endothelial-specific FAK knockout mice. These authors showed that loss of EC-FAK induced diffuse lung hemorrhage and increased transvascular albumin influx, edema, and neutrophil accumulation in the lung due to disruption of AJs. Induction of ALI by intraperitoneal administration of LPS or cecal ligation and puncture in wild-type mice markedly decreased FAK expression in lungs, indicating that decreased endothelial FAK expression is therefore a likely factor responsible for the pulmonary vascular hyperpermeability and edema formation seen during ALI. 
Role of Src kinase
Src activation occurs downstream of integrin activation that follows integrin clustering. Among various members of Src family kinases, pp60Src kinase has been shown to contribute to increased endothelial permeability in response to production of superoxide anion (O − ), 133 thrombin, 134 and VEGF. 135 VEGF, histamine, and thrombin resulted in Src activation and tyrosine phosphorylation of VE-cadherin at Y658 and Y731, which correspond to the binding sites for p120 and β-catenin, respectively. 136 Phosphorylation of VE-cadherin resulted in internalization of the protein leading to disruption of barrier. In addition, three other tyrosine residues, namely Y645, Y685, and Y733, in VE-cadherin were identified as phosphorylated. More importantly, point mutations Y658F and Y685F prevented internalization of VE-cadherin and thus blocked vascular permeability. 137 The endogenous phosphatase for VE-cadherin, VE-PTP, is frequently associated with the protein and prevents VE-cadherin phosphorylation, promoting an important stabilizing role of endothelial contacts in vivo. 138 How VE-PTP and p60Src compete for binding VE-cadherin to regulate AJs needs to be parsed out.
Proline-rich tyrosine kinase 2 (PYK2), a Ca 2+ -dependent noneceptor tyrosine kinase structurally related to FAK, also binds to integrins and is highly expressed in pulmonary endothelial cells. 139 PYK2 is rapidly phosphorylated following exposure of endothelial cells to agonists (e.g., angiotensin) and mechanical stress (e.g., cyclic stretch). 140 Evidence indicates that PYK2 can activate RhoA in fibroblasts, 141 suggesting that PYK2 may be involved in regulating endothelial barrier function by this mechanism.
Role of end-binding proteins
Microtubules form a lattice of rigid hollow rods spanning the cell in a polarized fashion from nucleus to periphery. Microtubules are presumed to resist compression of cells by opposing actin-myosin contractility. 142 Microtubules (typically having a diameter of˜25 nm) are heterodimers organized by self-assembly of αand β-tubulins (molecular weight of 55 kDa each). 142 Microtubules undergo "dynamic treadmilling" (i.e., alternating addition and removal of tubulin dimers from the microtubule). 8 The faster-growing end, the plus end, is made up of β-tubulin that binds to and hydrolyzes GTP to GDP, whereas αtubulin constitutes the minus end and binds to but does not hydrolyse GTP. The plus ends of microtubules are attached to the cell cortex and exhibit "dynamic instability," because they shift between phases of lengthening and shortening. 143 The minus ends are typically joined at a common attachment site in the cell called the microtubuleorganizing center. 144 Disruption of MT is shown to impair AJs. Likewise, stabilzation of MTs prevented AJs disruption by ermeability-increasing agonists. 144 Endbinding protein (EB) family members are evolutionary conserved proteins that bind MT + ends. 145 EB1 and EB3 are ubiquitously expressed, whereas expression levels of EB2 vary between cell lines. 146 They can form homo-or heterodimers. 147 Komarova et al. 148 recently identified a key role of EB3 in regulating AJs adhesion by stabilizing MTs. They showed that phosphorylation of EB3 at S162 induced MT growth in confluent endothelial monolayers, which disassembled AJs. Whether EB3 bound directly with VE-cadherin and thereby orchesterated VE-cadherin homophilic interaction remains unclear.
Role of neural Wiskott-Aldrich syndrome protein
The cortical actin, the actin ring near the plasma membrane, stabilizes AJs. Disruption of preformed actin filaments by C2 toxin or cytochalasin is known to increase endothelial permeability in intact microvessels and cultured cells. Edemagenic agonists, such as thrombin, rapidly induce actin reorganization from cortical actin into actin stress fibers, which induce AJ disruption. In this regard, proteins that maintain cortical actin confirmation play a key role in maintaining AJs.
The actin-related protein 2/3 (Arp2/3) complex generates actin filament-driven protrusive force, which may stabilize AJs. Arp2 was shown to interact with E-cadherin, indicating protein-regulating Arp2 function may contribute to AJs stability. The family of Wiskott-Aldrich syndrome proteins (WASPs) share similar domain structure and are involved in transduction of signals from receptors on the cell surface to the actin cytoskeleton. Neural WASP (N-WASP) induces actin polymerization by activating Arp2. 149 In resting cells, N-WASP is auto-inhibited due to binding of C-terminus verprolin central acidic (VCA) domain with its GTPase domain. Several mechanisms have been implicated in facilitating the unfolding of the VCA domain from the GBD domain, which includes WASP phosphorylation by tyrosine kinases, interaction with PIP 3 , or Cdc42 GTPases. 150 Rajput et al. 151 showed that the depletion of N-WASP impaired AJ adhesion and promoted actin organization and stress fiber formation, leading to leaky endothelial barrier. These authors showed that N-WASP formed a complex with Arp2/3 and p120 catenin. Knockdown of Arp2 did not inhibit N-WASP interaction with p120 catenin, suggesting that N-WASP binds directly to p120 catenin and induces cortical actin formation, thereby stabilizing AJs. 151 However, N-WASP phosphorylation at Y256 residue by FAK was required for reformation of cortical actin and p120-catenin interaction, because expression of phosphodefective N-WASP mutant impaired its interaction with p120-catenin and Arp2, leading to disruption of AJs and loss of endothelial barrier function. Overexpression of phosphomimicking mutant of N-WASP, on the other hand, enhanced basal barrier function and facilitated re-annealing of AJs and barrier restoration. These findings suggest that FAK-mediated N-WASP phosphorylation is a critical event in maintaining AJs and in restoration of endothelial barrier. 151 
MEDIATORS OF INCREASED ENDOTHELIAL PERMEABILITY Inflammatory mediators
Histamine, thrombin, bradykinin, VEGF, and Ang2 are shown to disrupt AJs, thereby leading to increase in endothelial permeability. Thrombin disrupts AJs by binding to its receptors, PAR-1, on endothelial cells. 95 Thrombin induces proteolysis of the PAR-1 extracellular extension (between Arg 41 and Ser 42), generating PAR1 ligand which, by binding to the second extracellular loop of heptahelical PAR-1, initiates downstream signaling events. 152 The synthetic 14-amino acid peptide, SFLLRNPNDKYEPF (TRP-14), can substitute for this tethered ligand. 153 Three other isoforms of PARs, PAR2, PAR3, and PAR4 have been identified in endothelial cells, of which only PAR3 and PAR4 are activated by thrombin. 154 PAR-2 is activated by tryptase. 155 The role of the other PARs in mediating increases in endothelial barrier permeability has not been fully elucidated, but those PARs may work in concert with PAR1 to facilitate changes in barrier function. For example, the transactivation of PAR2 by thrombin ligation of PAR1 has been demonstrated in COS7 cells and in HUVECs, which in turn contributes to thrombin signaling. 156 Selective activation and desensitization of PAR2 reduces subsequent responses to thrombin, suggesting that the transactivation of PAR2 by cleaved PAR1 occurs normally. A study showed that PAR2 activity was required for reversing PAR1-induced vascular leak following sepsis. 157 Similarly, it has been shown that PAR2 agonism exerts antiinflammatory effects following LPS-induced lung injury in rodents. 158 Therefore, although PAR1 mediates thrombininduced increase in lung vascular permeability, the role of other PARs in amplifying or suppressing thrombin-induced increase in endothelial permeability has yet to be understood. The role of PAR-3 and PAR-4 in mediating an increase in endothelial permeability has not been established, but evidence indicates that they may cooperate with PAR1 to increase endothelial permeability. PAR-1 induces a transient increase in vascular permeability that is followed by an equally rapid restoration of barrier function. PAR1 couples to the heterotrimeric G proteins of the Gq, G 12/13 , Gi, and Gs families, 159, 160 and initial studies predicted all of the G proteins to mediate increases in endothelial barrier permeability. It has been generally accepted that thrombin increases endothelial permeability by activating MYLK and RhoA via the Gαq and Gα12/13 subunits; however, Gαs enhances barrier function through cAMP generation. 80 Additionally, dissociated Gβγ subunits have also emerged as barrier protective by inducing FAK activity. 161 Studies also suggest that spingosine kinase 1 mantains AJs and reverses the increase in endothelial permeability by thrombin by paracrine mechanism involving S1P generation. 162 Histamine increases endothelial permeability through increasing intracellular calcium and MYLK activation but, in addition, mediates Src-dependent phosphorylation of AJ and TJ proteins. Conversely, bradykinin, acting through B1 and B2 receptors, results in an eNOS/iNOS-dependent increase in permeability, although it is unclear whether nitrosylation of junctional proteins leads to barrier destabilization. 6 Sphingosine 1 phosphate (S1P) circulates at high levels in the blood and signals through the G-coupled protein receptor S1P receptors (S1PR), including S1PR1, S1PR2, and S1PR3. 163 S1PR1 is predominantly studied in endothelial cells and is shown to strengthen endothelial barrier integrity (discussed below). Garcia's group recently showed a barrier-disruptive role of S1PR3. 164 They showed that human lung vascular ECs shed S1PR3 in microparticles following activation with LPS or low-molecular weight hyaluronan. Exposure of normal lung ECs to S1PR3-containing microparticles significantly reduced TER, consistent with increased permeability. These changes were attenuated by RNAi-mediated depletion of S1PR3 in ECs. Intriguingly, elevated total S1PR3 plasma concentrations were linked to sepsis and ALI mortality, indicating S1PR3 as a novel ALI biomarker linked to disease severity and outcome. 164 Long-term mediators of permeability, such as endotoxin, LPS, and tumor necrosis factor, result in NF-κB transcriptional expression of cytokines and leukocyte adhesion molecules. 2,7 ICAM-1 cell surface activation results in RhoA-directed stress fiber formation as well as increased NO production, which further potentiates increased permeability. Many studies have shown that the ECs are crucial in mediating the lung's inflammatory response by LPS. LPS binds the endothelial TLR4 via CD14, a membrane-bound glycosylphosphatidyl inositol-anchored protein. TLR4 in turn activates signaling pathways responsible for the generation of proinflammatory cytokines via MyD 88, which in turn activates the NF-κB signaling and produces the proinflammatory cytokines. We have recently shown that TRPC6 mediates Ca 2+ entry into ECs secondary to TLR4-induced DAG generation, which participates in mediating both lung vascular barrier disruption and inflammation induced by endotoxin. 83 VEGF induces vascular permeability by several mechanisms, including AJ remodelling, induction of fenestrae, and VVOs formation. 165 VEGF concurrently activates multiple signaling pathways downstream of VEGFR2 that have been implicated in vascular permeability. These include PLC-dependent intracellular calcium release, Src kinasemediated phosphorylation/internalization of junctional proteins, RhoGTPase activation, cytoskeletal rearrangement, and eNOS signalling. 166 More recently, in vivo data showed that VEGF mediates these effects by inducing VE-PTP/ VE-cadherin dissociation 167 and FAK-dependent β-catenin phosphorylation. 132 Furthermore, the T cell-specific adapter, TSAd, was found to be essential for Src activation and subsequent phosphorylation of junctional proteins downstream of VEGFR2. 168 The contribution of eNOS signaling upon VEGFR2 activation has remained elusive, but recent data suggest that nitrosylation of β-catenin by NO may be an additional mechanism of junctional destabilization by mediating the dissociation of β-catenin from VE-cadherin. 169 Ang-2 sensitizes the endothelium to both growth factors and inflammatory mediators, which increases vascular destabilization. 170 Although both Ang-1 and Ang-2 mediate Tie-2 clustering at cell-cell contacts, their differential signaling may explain their opposing effects on vascular stability. Several groups have also demonstrated that Ang-2 can act as a partial agonist of Tie-2 signaling through Tie-2 phosphorylation 171 and can enhance barrier function following endothelial stress. Generation of mice with endothelialspecific deletion of Ang-2 will help to address its physiological role in vivo and enable a better understanding of the homeostatic functions of Ang-2 in the endothelium.
To determine the role of Ang2 in sepsis, Ang2 antibody treatment attenuated LPS-induced hemodynamic alterations and reduced the mortality rate at 36 hours from 95% to 61%. These data clearly indicate that Ang2-mediated microvascular disintegration contributes to septic shock and suggest that inhibition of the Ang2/Tie2 interaction during sepsis is a potential therapeutic target. 172 ENDOTHELIAL BARRIER-STABILIZING MEDIATORS Barrier restoration is critical for maintenance of basal permeability and recovery following exposure to acute inflammatory events, yet our understanding of how this process occurs at the molecular level has remained elusive. Here, we discuss some of the mediators of barrier stability and their known mechanisms of action.
Increase in cAMP levels reduces vascular leakage through activation of protein kinase A (PKA) and the guanine exchange factor, Epac. Epac-mediated Rap1 activation results in increased junctional adhesions and reorganization of actin filaments. 173 Emerging evidence on Rap1 suggests it has a cooperative association with VE-cadherin, because they can both modulate each other's responses. Interestingly, Rap1 can increase Krev interaction trapped gene 1 (KRIT-1) targeting to endothelial cell-cell junctions, suppressing stress fiber formation and stabilizing the barrier (KRIT-1 is known to bind to Rap1, a guanosine triphosphatase that maintains the integrity of endothelial junctions). Thus, defects in Rap1 signaling downstream of mutated KRIT-1 protein may explain the loss of vascular integrity seen in cerebral cavernous malformations. 174 More recently, fibroblast growth factor (FGF) has been found to play an important role in AJ integrity. Absence of FGF signaling was found to reduce expression of the phosphatase SHP2, resulting in increased phosphorylation of VE-cadherin, impairing its ability to bind p120 catenin. 175 VE-cadherin itself can affect barrier stability by inhibiting growth factor signalling pathways, including VEGF, TGFβ, and PDGF, which promote permeability following angiogenic responses. 41 Another emerging and potent barrier-stabilizing factor is sphingosine-1-phosphate (S1P). S1P mediates its effect on endothelial cells by ligating S1PR1 to induce cortical actin organization via a number of downstream targets, including Rac-1, cortactin, FAK, paxillin, and actinin 1 and 4. 129 Two recent studies have unequivocally demonstrated the effect of S1P in barrier stability in vivo. Pharmacological or genetic blockade of the S1P signaling axis results in AJs destabilization, permeability, and, in some cases, aberrant angiogenesis.
Tie receptors and their ligands (Ang1-4) are critical regulators of vascular maturation and quiescence. 176 One of the main questions in understanding Ang-1 signaling is how it can orchestrate both vascular remodelling and quiescence by signalling through the same receptor. Recent evidence suggests that Ang-1 stimulation leads to differential Tie-2 localization and signaling, depending on whether endothelial cells have engaged cell-cell contacts. Homotypic cell interactions between endothelial cells trigger recruitment of Tie2 to cell-cell contacts upon Ang-1 exposure, leading to enhanced vascular stability following Akt-mediated eNOS phosphorylation. 177 
SUMMARY
In this review, we have emphasized the role of signaling mechanisms regulating AJs and thereby regulating endo-thelial permeability. In general, increase in intracellular calcium by TRPC and consequent activation of RhoA and MLCK induce AJ disruption. In parallel, overlapping signals are initiated by kinases such as Src, PKC, and CAMK to induce AJ disruption either directly by mediating the phosphorylation of AJ components or through EB proteins. We have also discussed the roles of Rac1, Cdc42, FAK, SPHK1, N-WASP, and Rap1 in opposing AJ disruption in facilitating barrier formation. We believe underpinning of the commonalities of these complex signaling pathways will define targets for facilitating AJ formation and certainly will pave the way for many new therapeutic and prophylactic interventions.
Source of Support: This work was supported by National Institutes of Health grants HL71794, HL84153, and HL060678 as well as an American Heart Association postdoctoral fellowship to SS (12 Post 12080112).
Conflict of Interest: None declared.
